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14-3-3 Proteins regulate many cellular processes by binding to phosphorylated proteins. Previous
ﬁndings suggest a connection between three 14-3-3 isoforms and plant nutrient signaling. To better
understand how these 14-3-3s regulate metabolism in response to changes in plant nutrient status,
putative new targets involved in nitrogen (N) and sulfur (S) metabolisms have been identiﬁed. The
interactions between these 14-3-3s and multiple proteins involved in N and S metabolism and
altered activity of the target proteins were conﬁrmed in planta. Using a combination of methods,
this work elucidates how 14-3-3s function as modulators of plant N and S metabolic pathways.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
14-3-3 Proteins are a large family of proteins found in all
eukaryotes [1,2]. Functionally, these proteins act as phosphoserine
binding proteins and modulate cellular processes such as signal
transduction, cell cycle, metabolism, membrane trafﬁcking, stress
responses, and apoptosis in mammalian cells [1]. Relatively few
proteins that interact with 14-3-3s have been characterized in
plants to determine the effects on their biochemical function [3].
For example, 14-3-3s are known to regulate nitrate reductase, pro-
teins related to plant growth and brassinolide signaling [2], and the
proton ATPase [4]. More recently, the KAT1 potassium (K) channel
[5] and a bZIP transcriptional activator of gibberellic acid [6] have
been identiﬁed as being regulated by interactions with 14-3-3s.
There are limited studies that show how 14-3-3s alter target pro-
tein activity and localization in plants and only a few of these inter-
actions have been conﬁrmed in planta [6,7]. The structural and
functional effects of 14-3-3 binding to target proteins remain
poorly characterized in vivo.chemical Societies. Published by E
sferase; CRC, cysteine regula-
recipitation; KO, knockout; N,
rexpression; PEPC, phospho-
um; SAT, serine acetyltrans-Recent reports indicate that 14-3-3s play important roles in reg-
ulating metabolic homeostasis under different nutrient conditions
in plants. In Arabidopsis, the SnRK2.8 kinase is down-regulated by
K, nitrogen (N), and phosphorus (P) deprivation and is linked to the
regulation of growth and metabolism through phosphorylation of
14-3-3s and other proteins [8]. Previous work demonstrated that
the phosphorylation of three 14-3-3 isoforms by SnRK2.8 occurs
following nutrient deprivation [8]. In this paper, we present data
supporting the interaction of these 14-3-3s with many proteins in-
volved in K, N, and sulfur (S) metabolism and show that 14-3-3
protein interaction alters the activities of target proteins in planta.
Overall, these results suggest a role for 14-3-3s in regulating multi-
ple steps in N and S metabolism.
2. Materials and methods
2.1. Plant material
Arabidopsis plants were grown hydroponically under either a
full nutrient or nutrient deﬁcient condition and root growth assays
performed, as described [9]. Knockout (KO) plants were isolated
from ABRC Salk collection (Salk_142285c – 14-3-3v; Salk_001375
– 14-3-3j). RNAi lines for 14-3-3w were created using pART27
[10]. For overexpression (OX) plants, the N-terminal FLAG-tag
pSHF vector was used [11]. Detailed Q-PCR procedures are
described in the Supplementary methods.lsevier B.V. All rights reserved.
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Plant total crude protein extract was incubated with N-terminal
His-tagged 14-3-3 coated Daynabeads M270 (Invitrogen) at 4 C
and eluted using a 14-3-3-binding-phosphopeptide (ARAApSAPA)
[12]. Glutathione-S-transferase-Dynabeads was analyzed as a neg-
ative control to ensure speciﬁcity of the 14-3-3 proteins bound to
the Dynabeads. Half of the eluate was trypsin digested in solution
and the other half was trypsin digested after running on 1D gels.
Resulting peptides were sequenced using LC-MS/MS (see Supple-
mentary methods).
2.3. Proteins interactions and enzyme activity
To conﬁrm protein–protein interaction, yeast two-hybrid analy-
sis (Invitrogen) and co-immunoprecipitation (IP) (FLAG IP kit, Sig-
ma) were performed according to the manufacturer’s instructions.
For co-IP, the vector encoding HA-tagged target protein [13] was
inﬁltrated into leaf tissue for transient expression in the FLAG::14-
3-3 OX plants [14]. Anti-FLAG antibody and anti-HA antibody were
used for detecting 14-3-3 and target proteins, respectively.
All enzyme assays were performed on crude protein extracts.
Alanine-glyoxylate aminotransferase (AGT) was assayed by moni-
toring the change in A340nm using a coupled-assay system [15].
Glutamine synthetase (GS) was measured by monitoring the
absorbance change of NADH at A340nm [16]. PhosphoenolpyruvateFig. 1. q-PCR analysis of 14-3-3s under nutrient deprived conditions. Hydroponically-gro
N, or P. The qPCR data for leaves (A, C, and E), roots (B, D, and F) of 14-3-3v (A, B), 14-3-3j
signiﬁcantly different from the control based on Student’s t-test (n = 3, P < 0.05). Error bcarboxylase (PEPC) was assayed with plant crude extracts in
110 mM Tris sulfate buffer (pH 8.5) and phosphoenolpyruvate as
a substrate using a coupled-assay system (A340nm) [17]. O-Acetyl-
serine(thiol)lyase (OASTL) was assayed by colorimetrically mea-
suring cysteine formation [18]. Serine acetyltransferase (SAT)
was measured by monitoring the transacetylation reaction
(A232nm) [18].
3. Results and discussion
3.1. Roles of 14-3-3s in nutrient deprivation
In Arabidopsis, 14-3-3v, j, and w are targets of the SnRK2.8 ki-
nase that is regulated by nutrient deprivation [8]. This previous
work suggested a link between these 14-3-3s and nutrient metab-
olism in planta. To determine whether nutrient deprivation alters
the expression of these 14-3-3s, q-PCR was performed. The expres-
sion of 14-3-3v did not change signiﬁcantly under nutrient depri-
vation (Fig. 1A and B); however, expression of 14-3-3j increased
after K-deprivation in leaves (Fig. 1C), but not in roots (Fig. 1D).
Although transcript levels of 14-3-3w increased after N and P
deprivation in leaves (Fig. 1E), they decreased in roots following
K and N deprivation (Fig. 1G).
Because 14-3-3j and 14-3-3w were differentially expressed in
response to nutrient deprivation, we examined the effect of these
isoforms on plant growth. Plants overexpressing 14-3-3j had long-wn Arabidopsiswere harvested 1 and 7 d after transferring to solutions deﬁcient in K,
(C, D) and 14-3-3w (E, F) are shown. The asterisk indicates transcript levels that are
ars indicate standard error.
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nutrient and N-deprived conditions (Fig. S1A and C). 14-3-3w RNAi
plants had shorter primary roots under all conditions (Fig. S1D–F).
In contrast, OX of 14-3-3w resulted in longer primary roots under
K- and N-deprivation (Fig. S1E and F). This indicates that 14-3-3s
are involved in nutrient responses.
3.2. Multiple nutrient-related proteins interact with 14-3-3s
To identify in vivo interaction partners of 14-3-3s, we used an
afﬁnity puriﬁcation strategy followed by mass spectrometry. UsingTable 1
Nutrient related proteins that bind to 14-3-3v, 14-3-3j, and 14-3-3w.
Gene I.D. Gene description
Nitrogen-related
AT2G15620 Nitrite reductase
AT1G01290 Cofactor of nitrate reductase
AT4G13510 Ammonium transporter 1.1
AT5G17330 Glutamate decarboxylase 1
AT2G38400 Alanine-glyoxylate transaminase
AT3G07520 Glutamate receptor 1.4
AT5G37600, AT5G16570, AT1G66200 Glutamine synthetase 1
AT5G27100 Glutamate receptor 2.1
AT3G48730 Glutamate-1-semialdehyde 2,1-amino
AT3G14940 Phosphoenolpyruvate carboxylase 3
AT2G24720 Glutamate receptor 2.2
Sulfur-related
AT4G35640 Serine acetyltransferase 3.2
AT5G10180 Sulfate transporter 2.1
AT4G14880 O-Acetylserine(thiol)lyase
AT4G01850, AT2G36880, AT1G02500 S-Adenosylmethionine synthetase 2
AT1G22150 Sulfate transporter 1.3
AT3G51895 Sulfate transporter 3.
AT5G13550 Sulfate transporter 4.1
AT1G78000 Sulfate transporter 1.2
Potassium-related
AT4G22200 Arabidopsis K+ transporter 2
AT4G32500 Arabidopsis K+ transporter 5
AT5G09400 K+ uptake permease 7
AT1G70300 K+ uptake permease 6
AT5G57940 Cyclic nucleotide gated channel 5
Phosphate-related
AT5G43340 Phosphate transporter 6
AT5G43350 Phosphate transporter 1
s indicates experimental conﬁrmation of interaction.
a The methods that were used for conﬁrming the interactions with 14-3-3s.
Fig. 2. Interaction between 14-3-3s and target proteins. The upper panel shows a yeas
protein–protein interaction are shown. The lower panel shows co-IP between 14-3-3s an
that were Agrobacterium inﬁltrated with either HA-tagged protein vector or empty vect
detected with a-FLAG and a-HA was used to detect target proteins. Each red box indicat
HA-tagged target proteins were used as a control for target gene expression (N). Uninﬁlthis approach, 149, 166, and 198 proteins (total of 391 unique pro-
teins) (Fig. S2) were found to interact with 14-3-3v (Table S1), 14-
3-3j (Table S2), and 14-3-3w (Table S3), respectively. Some pro-
teins, such as AGT3 and S-adenosylmethionine synthetase, were
found to be targets of all three isoforms and several proteins,
including PEPC3 and sulfate transporter 1.3, were identiﬁed as tar-
gets of two isoforms. Comparison of this 14-3-3 target protein list
(Tables S1–S3) with previous studies reveals a larger and more
functionally diverse set of proteins [19,20]. In multiple studies,
PEPC [19,20] and WRKY transcription factors [21] were identiﬁed
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t colony ﬁlter-lift b-galactosidase assay. Positive (P) and negative (N) controls for
d target proteins. Co-IPs were performed using plants overexpressing FLAG::14-3-3
or (EV) as the control to test for the effect for inﬁltration (). Tagged 14-3-3s were
es that the target protein interacts with 14-3-3. No IP control after inﬁltrating with
trated plants were used as a control for the effect of IP (h).
Fig. 3. Target enzyme activities were differently regulated in 14-3-3 transgenic
plants. AGT (A), GS (B), PEPC (C), OASTL (D) and SAT (E) activities were assayed in
wild-type (Col), 14-3-3 KO plants, 14-3-3j and v double knockout plants, 14-3-3w
RNAi plants (RNAi2 and RNAi4), and 14-3-3s OX plants. Means with different letters
are statistically signiﬁcant (n > 7, P < 0.05).
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receptors (Table 1) were isolated, but only one isoform
(At5g27100) was commonly identiﬁed in multiple studies [19].
The subset of 14-3-3 target proteins isolated in various screens de-
pends on the developmental stage, environmental stimulus,
growth conditions, the 14-3-3 isoform used, and tissue type ana-
lyzed [19–21]. In addition, some interacting proteins are likely
not isolated due to technical issues such as loss of proteins during
preparation or the relative abundance of each target protein. Fur-
ther studies will be required to demonstrate the subcellular local-
ization of the 14-3-3s and the target proteins characterized in this
work. Nevertheless, the experimental approach used here for iso-
lating 14-3-3 target proteins yielded higher numbers as well as a
wider range of proteins.
Given the possible role of 14-3-3s in modulating nutrient met-
abolic pathways, we reduced the list of interacting targets to pro-
teins that could be identiﬁed as having putative involvement in N,
K, P, and S metabolism (Table 1). This list includes enzymes known
to interact with 14-3-3s, such as GS [22] and glutamate decarbox-
ylase [23]; however, many new targets such as K, S, and P trans-
porters and glutamate receptors were also identiﬁed (Table 1).
Previous studies revealed that 14-3-3s regulate the activities of
some K and chloride channels [5,21], so it is possible that interac-
tion between 14-3-3s and transporter proteins also provide a
mechanism for regulating nutrient uptake. No previous study de-
scribes the inﬂuence of 14-3-3s on S metabolism in plants. SAT
and OASTL, along with multiple sulfate transporters, were identi-
ﬁed in this study as targets of 14-3-3s (Table 1). Our ﬁndings rein-
force the connections between 14-3-3s and N and C metabolism
and reveal new connections between 14-3-3s and S metabolism
(Fig. 4).
3.3. Role of 14-3-3s in target activities
Proteomic analysis identiﬁed numerous interacting partners,
including metabolic enzymes not previously linked to 14-3-3s.
Yeast two-hybrid assays and co-IP were used to conﬁrm
in vivo interactions between 14-3-3s and selected target pro-
teins (Fig. 2).
AGT is involved in N metabolism through photorespiration
[15,24]. The interaction between 14-3-3w and AGT was con-
ﬁrmed in vivo (Fig. 3). Moreover, the interaction between 14-
3-3s and AGT was inhibited by the mutations of 14-3-3 binding
motifs and dephosphorylation of AGT by calf alkaline phospha-
tase (CIAP) (Fig. S3). AGT activity was reduced in 14-3-3w OX
plants, but was unchanged in the 14-3-3w RNAi lines (Fig. 3A).
Further investigation is needed to conﬁrm whether the mutation
of 14-3-3 binding motifs on AGT leads to changes in activity of
AGT in planta.
GS, another key enzyme in N metabolism, was identiﬁed as a
14-3-3 interacting protein. GS also interacted with 14-3-3w in
planta (Fig. 2). Unlike AGT, GS activity was unchanged in the plants
overexpressing 14-3-3s (Fig. 3B). Cytosolic GS is encoded by a large
multigene family [25]. Therefore, interactions with one or more GS
isoforms and 14-3-3s may not produce a large enough effect to de-
tect change of GS activities in plants. Alternatively, there may be
additional factors connected to C and S assimilation that regulate
GS in planta. There is still the possibility of indirect effects when
using 14-3-3s OX plants because 14-3-3s interact with many other
proteins in vivo.
PEPC3 interacted with 14-3-3j in vivo (Fig. 2) and displayed al-
tered activity in the 14-3-3j OX plants (Fig. 3C). In contrast to AGT,
CIAP treatment did not inhibit 14-3-3 interaction with PEPC3
(Fig. S3D). It is possible that dephosphorylation of PEPC3 requires
a speciﬁc phosphatase. The 14-3-3s appear to have a complex
Fig. 4. Schematic of N, S, and C metabolism regulated by 14-3-3j, 14-3-3v, and 14-
3-3w. Dashed lines are previously reported interactions. Filled lines indicate
proposed regulation based on this study. Additional abbreviations are: NiR, nitrite
reductase; GSH, glutathione; Pyr, pyruvate; PEP, phosphoenol pyruvate; OAA,
oxaloacetate; OG, 2-oxoglutarate.
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tions with proteins involved in C metabolism.
Both SAT and OASTL catalyze cysteine biosynthesis [18] and
were identiﬁed as targets of 14-3-3v (Table 1). The interaction
between 14-3-3v and OASTL and SAT were conﬁrmed in vivo
(Fig. 2). In 14-3-3v OX plants, the OASTL activity increased
(Fig. 3D), but SAT activity was unchanged (Fig. 3E). This may re-
ﬂect how SAT and OASTL interact to form a multienzyme complex
that regulates cysteine synthesis in response to S conditions [26].
Under S sufﬁcient conditions, OASTL and SAT interact to form the
cysteine regulatory complex (CRC). When part of the CRC, OASTL
is inactivated, but SAT is activated [18]. One possibility is that 14-
3-3s bind to OASTL and SAT, but not to the CRC. Association of a
14-3-3 with a phosphorylated SAT may disrupt interaction with
OASTL, which results in increased free OASTL activity without sig-
niﬁcantly altering SAT activity. This would explain the SAT and
OASTL activity data observed in 14-3-3 OX plants (Fig. 3). It is
currently unclear if phosphorylation of either SAT or OASTL af-
fects CRC formation. Protein levels of OASTL and SAT in transgenic
plants may also affect total activity. Although there are points
that need further study, our results strongly suggest that 14-3-
3s bind to OASTL and SAT to activate OASTL (Fig. 3D) for more
efﬁcient use of available S.
In conclusion, our ﬁndings shed new light on the role of 14-
3-3s in coordinating C, S, and N metabolism by adjusting phys-
iological processes through the regulation of enzyme activities
(Fig. 4).
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